methanogenesis. An overlap of redox zones and a simultaneous consumption of several electron acceptors have often been observed (Jacobsen and Postma 1999; Christensen et al. 2000; Vencelides et al. 2007; Mukherjee et al. 2008) . Depending on the pH value and the sulfate/Fe(III) ratio, bacteria may favor sulfate over Fe as the terminal electron acceptor (redox buffer) (Postma and Jakobsen 1996) .
In situations when concentrations of specific electron acceptors are low, some steps in the redox sequence are skipped. An example is the Bemidji site in Minnesota, USA, contaminated by petroleum hydrocarbons, where the principal redox reactions after depletion of oxygen are Fe(III) reduction and methanogenesis (Essaid et al. 2011; Cozzarelli et al. 2016) .
Primary redox processes can be followed by secondary reactions (SRR), when previously released products of PRRs are re-oxidized, e.g., at the fringe of a contaminant plume. (Hunter et al. 1998; van Breukelen and Griffioen 2004) . Principal reactions affecting concentrations of Mn and Fe in reduced plumes are (1) precipitation of rhodochrosite (MnCO 3 ), (2) precipitation of siderite (FeCO 3 ), and precipita- Nickson et al. (2000) , Horneman et al. (2004) , van Geen et al. (2004) , and Hasan et al. (2007) which is generally interpreted as a consequence of the secondary minerals precipitation.
Measurement of redox potential in the field is used in some cases to deduce redox status of studied arsenic-enriched aquifers. However, this parameter is frequently not reliable due the lack of redox equilibria among several redox couples. Lindberg and Runnells (1984) compared measured Eh values with Eh values calculated on the basis of redox couples. There frequently was a discrepancy between measured and calculated Eh. The same conclusion is presented by Appelo and Postma (2005) , who also discuss mixing of several redox zones in long screen wells. This represents a serious problem in arsenic research, because multilevel piezometers data are often unavailable.
The Red River Delta in northern Vietnam is a densely populated area where groundwater has been pumped for the Hanoi public water supply for more than 100 years. Some 65% of the groundwater wells exceed the WHO limit for As and/or other trace elements such as, e.g., manganese (Winkel et al. 2011) . The area comprises sediments of Pleistocene and Holocene age, the latter deposited as a result of postglacial marine transgression . Extensive studies of As contamination have been carried out at both local and regional scales, e.g., Postma et al. (2007) , Larsen et al. (2008) , Eiche et al. (2008) , Winkel et al. (2011 ), van Geen et al. (2013 , and Mai et al. (2014) . In all studies, the importance of reductive dissolution of ferric oxyhydroxides has been recognized and the coloring of the sediments was suggested as a proxy for iron-oxide content, just like in Bangladesh (DPHE/BGS 2001; van Geen et al. 2003; Horneman et al. 2004; von Brömssen et al. 2007) . Generally low correlations between dissolved Fe and As were interpreted as a consequence of ferrous minerals precipitation. Most As dissolved in groundwater was As(III) while the reactivity of iron oxides in river sediments was low and decreased from lepidocrocite to hematite (Postma et al. 2010) .
De-coupling of dissolved As and Fe plays an important role at sites with As mobilized by reductive dissolution of ferric oxyhydroxides. Lack of correlation between dissolved As and Fe complicates interpretation of redox processes. Furthermore, a common remediation approach is the aeration of Fe-rich water with oxygen followed by adsorption and co-precipitation of As on precipitated ferric minerals (Ravenscroft et al. 2009 ). In waters with low dissolved Fe, this approach does not work and more complicated remediation approaches are necessary.
In this study, we aimed to elucidate the low correlation served at other sites, we compare the Red River Delta with other arsenic-contaminated sites in the world. The comparison is based on sampling from long screen wells and has to be interpreted with caution, but we believe there are meaningful patterns that can be deduced.
Material and methods
Samples of groundwater were collected from 511 pumped wells (Fig. 1 ). Information about sampling and analyses is provided in Berg et al. (2008) and Eiche et al. (2008) , and only a brief summary is presented here. Temperature, pH, redox potential, and electrical conductivity were measured in the field using the portable systems YSI 556 and WTW Multi 340i. Readings of redox potentials were normalized to the standard hydrogen electrode with the T-corrected standard potential of the Ag/AgCl reference electrode. The samples were collected in polypropylene bottles pre-rinsed with HNO 3 . A filtered aliquot of 60 ml was acidified with HNO 3 to pH < 2 and used for the determination of major cations, ammonium, phosphate, metals, and metalloids. Anions, alkalinity, and DOC were determined from non-acidified and unfiltered samples. Major cations, Fe and Mn, were determined by ICP-OES. Sulfate and chloride were determined by chromatography (Dionex), phosphate by photometry, alkalinity by titration with HCl using Gran plot analysis to determine the titration end point, and DOC was determined with a TOC 5000 A analyzer (Shimadzu).
Arsenic was analyzed in parallel by atomic fluorescence spectroscopy (AFS, Millennium Excalibur, PS Analytical) tion of amorphous sulfides such as mackinawite (FeS). At As-contaminated sites, a lack of correlation and de-coupling between dissolved Fe and As is frequently observed, e.g., between dissolved Fe and As frequently found in As-contaminated aquifers and the observed partial overlap in redox reactions. Since the de-coupling of Fe and As was oband high-resolution HR ICP-MS (Element 2, Thermo Fisher). The quantification limit for arsenic was 1 μg/l. The precision of analytical results was ± 5%.
The geochemical code ChemEQL (Müller 2015) was used for speciation calculations. This code has been previously tested against the standard PHREEQC code (Parkhurst and Appelo 1999) , and results of calculations were mutually consistent.
Results

Water chemistry
Groundwater chemistry and As speciation
Groundwater is of Ca-Mg-HCO 3 type and evolves locally towards Na-Cl type . The pH ranges from slightly acidic to alkaline while Eh varies from + 6 to + 710 mV, i.e., covering a wide range from reducing to oxidizing conditions, but above sulfate reduction level. Anaerobic conditions predominated in the majority of samples. Maximum As concentration is 427 μg/l, minimum is below detection limit of 0.1 μg/l, average is 22.3 μg/l.
The complete dataset can be found in Winkel et al. (2011) . Analytical speciation of arsenic was available only for selected samples and is presented in Eiche et al. (2008) . In samples with As concentration more than 10 μg/l As(III) comprises more than 90% of the total arsenic, in samples with less than 10 μg/l of arsenic As(III) comprises between 50 and 90% of the total arsenic.
Dissolved Fe and As correlations
There is an evident de-coupling between dissolved Fe and As with values of Person's correlation coefficient r = 0.051. Also, correlation between dissolved Mn and As is weakly negative with r = −0.057. In fact, none samples with elevated Mn concentrations (dissolved Mn more than 2.4 mg/l) have As concentration more than 90 μg/l, i.e., high dissolved Mn concentrations and high dissolved As concentrations are mutually exclusive.
Effect of redox potentials on elemental concentrations
To clarify the relation between dissolved As and concentrations of indicator redox species, moving averages of their concentrations normalized to maximum concentrations of Fig. 1 Map of sampling sites in the Red River Delta; data from Winkel et al. (2011) each species were plotted in Fig. 2 (top) as a function of redox potential with respect to standard hydrogen electrode (SHE). Initially, Mn concentrations slightly decrease at Eh values around + 450 mV, but then increase again before finally decreasing at about + 200 mV. Sulfate concentrations also fluctuate and decrease at about + 200 mV. Concentrations of Fe start to increase at about + 250 mV, reach a maximum at about + 175 mV, and then steadily decline (Fig. 2, bottom) . Phosphate concentrations begin to increase at about + 190 mV, reaching a maximum at about + 85 mV, and then decline. Finally, As concentrations also start to increase significantly at about + 100 mV, reach a maximum at + 75 mV, but they decrease at lower Eh values than phosphate (Fig. 2,  bottom) . At Eh less than about + 200 mV, the concentration of As is more than 10 μg/l (normalized concentration 2.4% in Fig. 2 ), and based on analytical As speciation by Eiche et al. (2008) , more than 90% of the total As is present as As(III). This facilitates the mobility of As because As(III) has lower adsorption affinity compared to As(V). In contrast, phosphate concentrations, initially increasing in parallel with As, decrease at low redox levels, suggesting a sink for dissolved phosphate. Concentrations of HCO 3 and Ca are high at Eh values around + 100 mV, (Fig. 2, bottom) and then decrease.
Speciation modeling
The saturation index (SI) with respect to the solid-phase minerals goethite, vivianite, siderite, and calcite was calculated using the activities of the solution composition and E h values for all individual samples. The SI values as a function of redox potentials are depicted in Fig. 3 . As the Eh drops, undersaturation with respect to goethite begins at an Eh of about 380 mV and SI values seem to be almost constant below an Eh of about 250 mV. Groundwater becomes supersaturated with respect to vivianite at Eh below + 130 mV, reaching a maximum at about + 85 mV and then remains high. The onset of siderite precipitation begins below + 95 mV and supersaturation reaches a maximum at an Eh of + 50 mV. Supersaturation with respect to calcite had just been reached at + 50 mV. Supersaturation with respect to Mn(II), Mn(III), and Mn(IV) was not observed in the present pH-Εh range, which agrees with corresponding Pourbaix diagrams (e.g., Stumm and Morgan 1996) .
Discussion
De-coupling at the Red River Delta site In our dataset (Fig. 2) , a difference of about 100 mV is apparent between the Fe and As maxima, indicating that As concentrations increase significantly when Fe concentrations decrease to relatively low levels. However, phosphate is also de-coupled from Fe and partly also from As, when redox levels become low. De-coupling of As from Fe has been observed in batch experiments with acetate as an electron donor (Islam et al. 2004 ). Release of As took place after Fe(III) reduction which was interpreted as a consequence of slower As(V) to As(III) reduction and delayed release of As(III) with lower adsorption affinity. The most plausible explanation of the de-coupling observed in the Red River Delta, at intermediate to low redox level conditions, is the concept of As re-adsorption presented b y M c A r t h u r e t a l . ( 2 0 0 
) . R e d u c t i o n o f M n
Concentrations of Fe and PO 4 were also observed to decrease during the reduction phase. Assuming conservative behavior of both species, their concentrations should be fairly constant after complete dissolution of ferric phases, but this was not observed. A possible explanation is the precipitation of siderite, FeCO 3 , and vivianite, Fe 3 (PO 4 ) 2 ·8H 2 O . Precipitation of siderite is consistent with positive saturation indices for siderite Eiche et al. 2008) . Also, siderite and vivianite were detected by XRD diffraction in Red River sediments by Eiche et al. (2008) . Furthermore, precipitated secondary minerals like siderite may be coating the surface of Fe(III)-oxyhydroxides, further
The results of the speciation modeling shown in Fig. 3 strongly support the possibility of siderite and vivianite precipitation in samples with high dissolved concentrations of Fe and HCO 3 and PO 4 . Also, a large input of DIC from the decomposition of organic matter results in supersaturation with respect to calcite (Fig. 3) and decreasing Ca concentration (Fig. 2) . Based on the measured Eh values and redox indicator behavior, the levels of sulfate reduction of methanogenesis were not reached in our dataset. However, samples were taken from long screen pumping wells where several redox zones are probably mixed. In more detailed studies, multilevel piezometers are necessary to identify more discrete and localized strongly reducing zones.
General conceptual model of de-coupling processes
The general conceptual model of As mobilization, which goes beyond saturation of remaining adsorption sites presented in the model of McArthur et al. (2004) , and inspired by the Red River Delta data and which is considered applicable to other sites of groundwater arsenic enrichment in the world, is shown in Fig. 4 . Sulfate reduction and methanogenesis are also included since these processes were reported to occur in the Red River Delta (Postma et al. 2007; van Geen et al. 2013 ) and other regions like the Bengal Delta Plain (BDP). After the consumption of oxygen and NO 3 , most MnOOH in the solid phase dissolves and the reduction of Fe(III) phases begins. Concentrations of dissolved Fe increase, but concentrations Fig. 4 Conceptual model of As behavior. First, the As and Fe coupling window is between saturation of adsorption sites and precipitation of siderite and vivianite (segment 1), the second window starts after the onset of sulfide precipitation (segment 2a) and continues during methanogenesis (segment 2b) Environ Sci Pollut Res (2018) 25:15954-15961 (IV)-oxyhydroxides is favored thermodynamically, and rel e a s e d A s i s r e -a d s o r b e d o n s t i l l s t a b l e F e (III)-oxyhydroxides. When there is reduction in progress, dissolved Fe concentrations increase, but released As is again re-adsorbed on remaining ferric phases. Only when a small fraction of the initial Fe(III)-oxyhydroxides is left, saturation of remaining adsorption sites is reached and there is a relatively fast build-up of As concentration in groundwater (McArthur et al. 2004) . This is further facilitated by dominant As(III), which has a lower adsorption affinity than As(V). Different reactivity of Fe(III) minerals also seems to play a role. In extraction experiments performed on Red River Delta samples and using ascorbic acid, Postma et al. (2010) found that Fe(III) mineral reactivity decreased in the order from lepidocrocite to poorly crystalline goethite to hematite. It seems that poorly crystalline phases such as ferrihydrite with the largest surface area dissolve first and, thus, the specific surface available for As re-adsorption and reaction decreases during the reductive dissolution progress.
limiting their dissolution (Vencelides et al. 2007 ). In fact, Fe of dissolved As remain low because released As is (II) or mixed Fe(II/III) phases corresponding to siderite, vivianite, or magnetite were found in Bangladesh by Horneman et al. (2004) .
In summary, based on the presented conceptual model, a coupled Fe and As behavior is possible between the saturation of adsorption sites and the beginning of siderite and vivianite precipitation, i.e., in a relatively narrow redox range. A second window of the coupled As and Fe behavior (both concentrations are decreasing) is after the onset of secondary sulfide precipitation (assuming that the redox level of sulfate reduction is reached and that secondary sulfide incorporates As) and later during methanogenesis.
The lack of correlation between dissolved As and Fe is more of a global rule than an exception (Table 1) . It has been observed at many sites where reductive dissolution of ferric minerals is a principal process of As release, e.g., in Bangladesh, West Bengal and Assam in India, and Taiwan. These sites have several common characteristics: (a) reducing conditions sometimes reaching the level of methanogenesis; (b) very low or below detection limit concentrations of oxygen, nitrate, and sulfate; (c) high concentrations of DOC, ammonia, and phosphate; and (d) high concentrations of dissolved Fe and sometimes also Mn. A common feature of all sites is supersaturation with respect to siderite and, to a limited extent, with respect to vivianite (e.g., Ravenscroft et al. 2005; Hasan et al. 2007 ). Precipitation of sulfidic phases such as mackinawite was also confirmed at some sites, e.g., framboidal authigenic pyrite has been found by Nickson et al. (2000) in Bangladesh. High As concentrations were observed in the Mekong Delta in Cambodia under methanogenic conditions, but As concentrations were much re-adsorbed by the remaining Fe(III) phases (McArthur et al. 2004 ). Only when a small fraction of FeOOH remains, and all adsorption sites become saturated, can concentrations of dissolved As increase (segment 1 in Fig. 4) , and thus, the behavior of Fe and As then becomes coupled. In the meantime, the rate of Fe(III) mineral dissolution decreases because only the most resistant phases (goethite, hematite) are left behind in the solid phase. When supersaturation with respect to siderite (and perhaps also vivianite) is reached, Fe is scavenged from water, but As remains mobile. When the redox levels drop further, sulfate is reduced and secondary sulfide phases such as mackinawite precipitate which scavenges both Fe and As, i.e., their removal occurs simultaneously at this phase and both species are coupled (segment 2a in Fig. 4) . Finally, methanogenesis begins under very reducing conditions and concentrations of Fe and As start to increase in parallel again, assuming there is still some ferric iron left in the solid phase (segment 2b in Fig. 4 ). At this stage, precipitation of siderite may become less significant because a large portion of DIC is converted to methane.
An extensive dataset of groundwater analyses from the Red River Delta, Vietnam, probably the largest of such data collected, was used to determine the sequence of redox buffering and processes responsible for As and Fe behavior. Redox indicators show a strong de-coupling of dissolved As from Mn and Fe behavior, which can be interpreted as re-adsorption of As released initially from Mn(IV)-oxyhydroxides and later from Fe(III)-oxyhydroxides on remaining ferric phases. The release of As begins after saturation of adsorption sites. A gradually decreasing specific surface available for re-adsorption of As probably plays a role as a consequence of limited reactivity of more crystalline phases such as goethite and hematite. Even at very low redox levels, concentrations of Fe and phosphate decrease, but As concentrations still increase. This seems to be a consequence of siderite and vivianite precipitation.
We suggested a conceptual model inspired by the Red River data and also other sites with reductive dissolution of ferric oxyhydroxides. The model aims to explain the relation between saturation of remaining adsorption sites and the precipitation of secondary ferrous minerals and methanogenesis.
Based on the presented conceptual model of As and Fe behavior at sites with As enrichment, their coupled behavior is possible within two redox windows: (1) between the saturation of remaining adsorption sites and the onset of siderite and vivianite precipitation and (2) after the beginning of secondary sulfide precipitation followed by methanogenesis. De-coupling of As from Fe has been observed at many sites around the world where As is released to groundwater as a consequence of reductive dissolution including Bangladesh, West Bengal and Assam in India, Cambodia, and Taiwan. Processes responsible for de-coupling such as saturation of remaining adsorption sites and precipitation of minerals such as siderite and mackinawite should be implemented in conceptual model of As-contaminated sites and then in reactive transport models used for the prediction of arsenic behavior.
